Introduction
============

First established in the 1950s, the drug delivery field has since grown substantially and evolved through several generations ([@B248]), from simple formulations for oral and transdermal delivery to complex delivery systems with the ability to overcome biological barriers. A simple search for "drug delivery" in PubMed reveals a slow growth in the number of results until the early 2000s, followed by rapid expansion up to 2015, and a subsequent plateau of approximately 15,000 publications per year. Nevertheless, a tremendous number of in-demand drugs exert effects within cells, and an increasing number of new drugs intended to influence protein regulatory pathways ([@B96]) are realized through protein--protein interactions (PPI). Pharmaceuticals acting on intracellular macromolecules must be delivered intracellularly into the target cells. Small molecules, which include most drugs, often cross biological membranes readily owing to their size, amphiphilic nature, and the availability of transmembrane carriers. Meanwhile, despite the generally successful transmembrane penetration of many small molecules, some potential intracellular targets are excluded from their modulation. Among such elusive targets, are certain PPIs that regulate essential cellular functions and contribute to the signaling pathways involved in cancer pathogenesis ([@B125]). Small molecules are often less effective than macromolecules for the interruption of PPIs, except for proteins with small-molecule-binding pockets such as enzymes, ion channels, and cell receptors ([@B57]), because of the large flat contact areas and lack of poorly defined deep pockets and grooves in which small molecules could insert and subsequently perturb its activity. PPIs often involve large surfaces, which typically range from 1500 to 3000 Å^2^, compared with 300--1000 Å^2^ in protein interactions with small molecules ([@B243]). A typical example of PPIs is the interaction of antibodies with protein antigens. In recent years, trends have revealed the growing impact of approved polypeptide macromolecular drugs, particular antibodies to cell-surface and soluble targets ([@B61]; [@B211]).

The size of the human interactome size was estimated to include 650,000 or more distinct interactions ([@B214]), but this estimation has since increased ([@B116]). Recent analysis has revealed that only a small part of the human proteome (less than 700 proteins) is pharmaceutically accessible by approved drugs ([@B187]), which has led to the concept of "undruggable" targets that are not amenable to small-molecule interventions. This list includes certain infamous and notorious cancer-causing molecules, such as c-Myc, Ras, and NF-κB ([@B56]; [@B125]; [@B59]). Intracellular proteins that act at immune checkpoints are other possible targets ([@B112]) for which inhibition by antibodies might reactivate the host's immune response against cancer cells. In this regard, a huge field of applications has been opened for intracellular treatment and diagnostics using antibodies. One mechanism of antibody action is the alteration of signal transduction through a physical block of the interaction between two proteins that are components of a cellular pathway ([@B2]). This is exemplified by antibodies binding receptors, such as those of the EGFR family, on cell membranes, and sterically preventing them from transmitting a signal ([@B236]). The tumor signaling perturbation through antibody interference has been shown to be a successful approach for the treatment of some diseases ([@B127]; [@B98]). The feasibility of antibodies to downregulate intracellular targets has been proven in experiments with microinjections ([@B174]; [@B82]; [@B143]) and transfections with a corresponding gene (intrabody approach [@B209]; [@B186]; [@B12]). However, the microinjection technique is limited to a small number of cells *in vitro*. The intrabody format has the potential for development, but still exhibits the same risks as gene therapy: the possible genome integration of viral vectors, low efficiency, and possible toxicity of non-viral vehicles, which has necessitated the development of direct antibody introduction methods. Currently, the routine introduction of antibodies into cells to visualize the cellular targets requires membrane permeabilization, which prevents the practical implementation of antibodies against intracellular targets for therapeutic purposes. Thus, the development of convenient technologies for the targeted delivery of antibodies, their fragments, or antibody-like molecules inside living cells without harming the cells is urgently needed. This overall task contains several stages, such as target-cell recognition, internalization, and transport to a relevant intracellular compartment. To date, the relevant literature details different approaches to the delivery of antibodies to their intracellular targets: transfection, cell-penetrating peptides, fragments of bacterial toxins, lipid-based molecules, physical methods (electroporation and microinjection). None of these methods have provided a complete solution for all the necessary stages of intracellular transport. In this review, we have analyzed different approaches intended for recombinant antibody delivery and discussed their limitations and pitfalls.

Antibodies as Prospective Tools for Undruggable Targets
=======================================================

One possible way to engage in the therapy of intracellular "undruggable" protein targets is the use of antibodies. Antibodies could be raised against different protein antigens, including those with flat contact surfaces that are not druggable via small-molecule approaches. Since the first therapeutic antibody entered the market in 1986, various antibodies against different targets have been developed and more than 60 antibody therapeutics have been approved ([@B37]). The major advantages of antibodies are supreme specificity and affinity for a target, which make them invaluable basic experimental tools, as well as the standard of care, for indications, such as rheumatoid arthritis ([@B234]; [@B203]), psoriasis ([@B170]), solid tumors ([@B197]; [@B124]; [@B183]), and blood cancers ([@B52]; [@B30]). The considerable success of antibody therapy in the clinic has sparked a major effort into antibody research, including the development of engineered humanized molecules with improved physicochemical properties and safety ([@B19]; [@B212]; [@B235]; [@B71]). Similarly, recent large-scale antibody generation projects established a pipeline for the high-throughput development and validation of binder proteins for numerous possible targets ([@B53]; [@B123]).

As a potent tool with wide applications, the antibodies can capture splice variants and proteins subjected to post-translational modifications, as well as different protein isoforms and conformational variants. For fundamental purposes, this approach might allow better clarification of the activity of intracellular proteins in their natural environment for better elucidation and validation of disease mechanisms. Furthermore, antibodies that can interact with a particular domain of a target protein are more specific than approaches such as gene knockout, transfection, and changes in gene expression. To date, most antibodies are limited to cell membrane targets ([@B190]; [@B37]), such as receptors or secreted proteins, such as cytokines, growth factors, and hormones. The number of transmembrane and secreted proteins is estimated to be approximately 8000--9000 proteins ([@B152]), which implies that two thirds of the proteome could be unlocked for antibody modulation *in vivo*. To this end, the antibody must be delivered inside the living cell.

Derivatives of Antibodies and Antibody-Like Polypeptides
========================================================

The features of antibodies, such as large size, complex architecture and molecular composition, and costly manufacturing, have catalyzed a significant research effort to finding alternative binder molecules based on smaller antibody fragments or alternative protein scaffolds. Thus, 150-kDa multidomain antibodies produced in eukaryotic expression systems have inspired the search for smaller antibody fragments amenable for specific target recognition and suitable for less expensive production in *Escherichia coli* (Figure [1](#F1){ref-type="fig"}). The most common ([@B79]), 26-kDa ScFv and 45-kDa Fab, are characterized by lower expression costs but also by rapid clearance than the parent molecules. However, they still contain intradomain disulfide bonds, which hamper correct folding upon expression in *E. coli*. Some natural antibodies (for example, those discovered in camels) contain 15-kDa heavy-chain only antibodies lacking a disulfide bond (dsAb or VHH, also known as Nanobodies^®^) ([@B87]). VHH antibodies are possible alternatives to conventional antibodies, which have good stability, solubility, and expression yields. In addition, dozens of antibody-mimic types have been described through advances in combinatorial selection techniques ([@B22]; [@B154]; [@B196]). The most advanced clinical stage scaffolds ([@B245]; [@B79]; [@B228]) are a 10-kDa monobody (Adnectin) based on the human fibronectin FN3 domain, a 6-kDa affibody based on the Z-domain of staphylococcal protein A, 20-kDa anticalin derived from human lipocalins, and the 14- to 21-kDa designed-ankyrin-repeat proteins (DARPins) engineered consensus sequence based on ankyrin repeat proteins. Alternative antibody scaffolds are much smaller in size, and combine a disulfide-free single domain with sufficient affinity and easy production in different hosts. A feature of small-size alternative binders and antibody fragments is their short circulation time in the blood, which may be advantageous for diagnostic functionality. Additional opportunities are presented by a class of bispecific antibodies able to recognize simultaneously two different epitopes on the same or different antigens. This concept was proposed for classical immunoglobulins G (IgGs) in 1983 ([@B153]) but has been challenging owing to the complexities of their production. Expansion of antibody fragments could push this field forward, which has become a "hot topic" in research since 2010, with more than 60 molecules in development ([@B62]; [@B84]).

![Structure of antibody fragments and alternative antibody scaffolds described in this review. Structures were generated by using NGL Viewer (doi: 10.1093/nar/gkv402). Rainbow color scheme: blue is the N-terminus and red is the C-terminus. Arrows depict antigen binding sites.](fphar-09-01208-g001){#F1}

Internalization of Antibodies Into Cells Via Normal and Pathological Processes
==============================================================================

The interior part of a cell is not a single cavity inside the cell plasma membrane, but a sophisticated diversity of compartments separated by intracellular membranes. Therefore, the detection of a substance within a cell can mean quite different things, and the terms "intracellular transport" or "transport into a cell" for an antibody, as well as for any macromolecules, may also have different meanings. In many cases, this transport is limited to entrapment within the compartments of the endocytosis/transcytosis pathway when molecules entering a cell remain within closed membrane formations, from which there were three common pathways: a recirculation path back to the external environment; transcytosis to the other side of the cell; and a degradation path through the lysosomes. However, the most in-demand approach is the transport of antibodies into the cytosol, which may or may not be followed by their subsequent transport to other compartments (e.g., the nucleus), where the majority of potential therapeutic targets are concentrated.

Although it is generally believed that antibodies do not penetrate the plasma membrane, there is a considerable data pool that illustrates the presence of various antibodies within cells ([@B6]; [@B5]; [@B172]; [@B241]; [@B185]; [@B110]; [@B237]; [@B157]) as a result of antigen-driven or antibody-driven cell entry of the free antibody or antibody--antigen complex.

Antigen-driven cell entry can be observed for antibodies bound to antigens of several viruses and bacterial toxins that naturally penetrate into cells, mainly through endocytosis followed by subsequent endosomal escape to the cytosol, where they are destroyed by the intracellular Fc-receptor TRIM21 and direct intracellular pathogens into proteasomes ([@B144]; [@B233]). TRIM21 is a widely expressed E3 ligase ([@B247]) recognizing the antibody Fc domain with high affinity (600 pM after TRIM21 dimerization) ([@B144]). The function of this system is to protect the cell against intracellular pathogens, such as viruses and bacteria, internalized with attached host antibodies ([@B150]). The delivery of an antibody against a particular cell protein could mobilize the TRIM21 system to act against the endogenous proteins ([@B49]). Nevertheless, to take advantage of the TRIM21 system for the disruption of a particular protein in target cells seems to be a tall order, requiring the delivery of full-sized-antibodies inside living cells.

The intracellular localization of antibodies and their complexes with antigens that enter the cell by antibody-driven mechanisms \[e.g., via several types of Fc-receptors ([@B156])\] is initially normally limited to endocytic vesicles, such as endosomes or phagosomes. Subsequent antibody recycling through neonatal Fc receptors FcRn ([@B80]; [@B232]), and transcytosis or degradation in lysosomes, also prevent antibodies from crossing the membrane and entering the cytosol. However, a recently elucidated mechanism of antigen presentation in dendritic cells, including Sec61-mediated antigen transport from endosomes in the cytosol for cross-presentation ([@B249]), might allow the antibody, if already bound to antigen when internalized by the dendritic cell, to enter the cytosol.

As already noted above, the property of most antibodies that limits their applications to targeting extracellular proteins is their inability to cross cellular membranes to reach the cytosol and compartments such as the nucleus. One exception is the small subset of naturally occurring mouse and human autoantibodies that target host self-antigens during autoimmune diseases, such as multiple sclerosis ([@B69]), systemic lupus erythematosus, and Sjogren syndrome ([@B185]; [@B173]) and artificial ones based on them ([@B100]; [@B238]; [@B47]). It has been reported that these autoantibodies possess an intrinsic ability to penetrate living cells and capture intracellular and intranuclear antigens, such as DNA, histones, ribosomal protein P, nuclear ribonucleoproteins, and others ([@B157]). Penetration into different types of cells has been described, but it was not antibody isotype-specific ([@B173]). In some cases, autoantibody internalization causes cell apoptosis ([@B216]; [@B178]; [@B69]) or cytokine release ([@B217]), which contributes to the inflammation associated with autoimmunity. Several mechanisms of internalization have been suggested, including the interactions of basic residues in the complementarity-determining region of autoantibodies with a negatively charged cell surface ([@B206]), Fc receptor-mediated entry ([@B135]), or heparin sulfate proteoglycan-mediated clathrin-dependent endocytosis ([@B47]), or via caveolae/raft-dependent endocytosis ([@B100]) of nucleoside transporter ENT2 ([@B91]). The ability of some autoantibodies to cross the cell membrane was explored with 3D8 and 3E10 anti-DNA autoantibodies as delivery vectors for attached payloads such as nanoparticles ([@B44]) and proteins ([@B240], [@B239]; [@B90]; [@B91]). However, a deep understanding of the penetration mechanisms of autoantibody and the extent to which they may be modified is still lacking.

Strategies for Intracellular Targeting of Antibodies, Their Mimics, and Derivatives
===================================================================================

Except for the above-described, relatively limited group of antibodies that can penetrate cell membranes, most antibodies targeted to promising intracellular targets do not demonstrate cell-penetrating ability, making their delivery inside a cell a key bottleneck. Various technologies have been developed and tested to accomplish this task; some success has occurred. Those strategies can be grouped into several major classes: direct physical delivery, direct intracellular expression, fusion with the part of internalizing autoantibodies responsible for their intrinsic ability to enter the cells, the use of protein-transduction domains or their mimics, and the use of various nanoparticle carriers (including inorganic nanoparticles, liposomes, polymersomes, and viral envelopes). These main approaches are schematically presented in Figure [2](#F2){ref-type="fig"}.

![Schematic presentation of the main approaches utilized for the intracellular targeting of antibodies.](fphar-09-01208-g002){#F2}

Physical Delivery
-----------------

One of the most straightforward and oldest strategies of intracellular antibody delivery is their direct physical transfer into the target cell; the predominantly exploited methods include electroporation ([@B39]; [@B140]; [@B146]; [@B18]; [@B184]; [@B77]; [@B147]; [@B64]; [@B54]) and microinjection ([@B188]; [@B174]; [@B128]; [@B82]; [@B143]; [@B106]; [@B66]). These methods are successfully used in protein functional studies, although a rising number of studies aimed at establishing an *in vivo* electroporation technique ([@B3]; [@B139]; [@B93]), primarily for nucleic acid delivery, including encouraging clinical trials (NCT01440816) ([@B60]) makes their practical implementation theoretically conceivable for some local applications. Recently, several new physical delivery approaches have been recruited for intracellular antibody delivery. For example, anti-E6 HPV 16 oncoprotein antibody delivered by sonoporation, which is based on the simultaneous use of high intensity focused ultrasound with microbubbles, was shown to restore p53 expression, whose degradation is promoted by the E6 oncoprotein ([@B222]). A new sophisticated method called the biophotonic laser-assisted surgery tool, relying on laser-induced cavitation bubbles for the creation of transient plasma membrane pores, was demonstrated to deliver different cargoes, including antibodies, into cells ([@B244]). In addition, an approach utilizing rapid cellular membrane deformation (microfluidics) was used for the delivery of a range of different macromolecules, including anti-tubulin antibodies, into live HeLa cells ([@B193]). All these physical delivery methods offer the advantage of direct antibody delivery inside the cytosol with the ability to target other compartments (e.g., the nucleus) upon the attachment of the specific localization signal, as shown for the nuclear delivery of anti-PCNA antibody conjugates with NLS delivered into the cells via electroporation ([@B77]). Possible limitations of these methods include a lack of cell-specificity, in addition to rather difficult *in vivo*, and difficulties in clinical translation. Examples of different approaches to intracellular physical delivery of antibodies are presented in Table [1](#T1){ref-type="table"}.

###### 

Examples of physical delivery of antibodies inside cells.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Delivery approach                                    Antibody type                                      Targeted antigen                                                                                                                                                           Reference
  ---------------------------------------------------- -------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------
  Microinjection                                       monoclonal antibody (mAb) (IgG)                    α-tubulin                                                                                                                                                                  [@B128]

  Microinjection                                       polyclonal antibody labeled with Alexa Fluor 488   inosine-5′-monophosphate dehydrogenase 2                                                                                                                                   [@B106]

  Microinjection                                       mAbs                                               N-terminal transactivation region of p53                                                                                                                                   [@B82]

  Microinjection                                       four different mAbs                                α-p21                                                                                                                                                                      [@B143]

  Microinjection                                       polyclonal antibody                                fos                                                                                                                                                                        [@B174]

  Microinjection                                       polyclonal antibody (IgG)                          actin                                                                                                                                                                      [@B188]

  Microinjection into either the nuclei or cytoplasm   NLS-conjugated polyclonal antibody (IgG)           lamin A/C histone-binding site                                                                                                                                             [@B66]

  Electroporation                                      two different mAbs                                 bovine asparagine synthetase                                                                                                                                               [@B39]

  Electroporation                                      mAbs                                               proliferating cell nuclear antigen (PCNA)\                                                                                                                                 [@B77]
                                                                                                          DNA polymerase α, HPV16 E6 oncogene                                                                                                                                        

  Electroporation                                      mAb and Fab                                        PCNA DNA polymerase alpha                                                                                                                                                  [@B64]

  In situ electroporation                              mAbs                                               TF-1 apoptosis-related gene 19 (TFAR19), or Programmed Cell Death 5(PDCD5)                                                                                                 [@B184]

  Electroporation                                      scFv-Fc                                            myosin, tubulin                                                                                                                                                            [@B147]

  Electroporation                                      polyclonal antibody                                pp60c-src                                                                                                                                                                  [@B146]

  Electroporation                                      mAb                                                cyclin D1                                                                                                                                                                  [@B140]

  Electroporation                                      mAbs and Fabs labeled with Alexa Fluor 488         γH2AX, α-tubulin, heptapeptide repeats of nonphosphorylated C-terminal domain of the largest subunit of RNA Pol II, TATA binding protein (TBP), TBP-associated factor 10   [@B54]

  Microfluidics                                        mAb labeled with Alexa Fluor 488                   tubulin                                                                                                                                                                    [@B193]

  Sonoporation                                         mAb                                                E6 HPV 16 oncoprotein                                                                                                                                                      [@B222]

  Laser-induced cavitation bubbles                     mAb labeled with Alexa Fluor 488                   α-tubulin                                                                                                                                                                  [@B244]
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Direct Intracellular Expression
-------------------------------

In addition to the physical delivery described above, a well-established straightforward method for intracellular antibody delivery is the so-called intrabody technique. An intrabody is an antibody or its derivative produced within the same cell where the antigen is located. Intrabody expression can be achieved by cell transfection with a plasmid or virus carrying the gene encoding the antibody or its fragment. This technology has become more attractive since one of the pioneering proof-of-principle works demonstrating the inhibition of alcohol dehydrogenase I in *Saccharomyces* transfected with cDNA-coding antibody was published in 1988 ([@B36]). The advantages of this approach are the direct expression within the cell and relatively easy direction of intrabody to the desired cell compartment where the specific antigen should be bound (e.g., membrane or secreted protein in the ER or nuclear protein in the nucleus). The latter is usually achieved by the attachment of a targeting sequence. The targeting of intrabodies to be retained in the ER appears to be the most straightforward approach, enabling their maturation and folding in the native environment.

A secretory signal peptide targets intrabody to the ER lumen, and ER retention by KDEL (Lys-Asp-Glu-Leu) (or similar) sequence introduced into the C-terminus of the intrabody traps the intrabody--antigen complex within the ER--Golgi complex ([@B88]). These types of intrabodies do not need to be strictly neutralizing to exert their knockdown functions, as the mere act of retention of secretory or membrane proteins within the ER knock down their functionality. In contrast, intrabodies aimed at cytosolic, nuclear, or mitochondrial antigens require much more precise tuning to provide for their appropriate folding within the cytosol ([@B88]; [@B148]). To overcome this limitation, many different strategies for the generation and/or selection of suitable antibodies for cytosolic expression have been developed. These approaches include: use of single-domain antibody variants \[camelid VHH, shark-derived variable new antigen receptors, or variable domain of the heavy chain (VH) or light chain (VL) selected from human antibodies\] ([@B25]); fusion with different protein domains \[maltose binding protein ([@B17]), Fc-domain ([@B213]), proteasome-targeting PEST motif ([@B102]), and others ([@B103]); grafting of complementary determining regions ([@B68]); construction and selection of intrabodies lacking S--S bonds ([@B51]; [@B38]); numerous eukaryotic *in vitro* selection-based strategies aimed at isolating a functional and soluble antibody fragment ([@B86]; [@B149]; [@B126]) and even electrostatic manipulation via the introduction of negative charges ([@B122]; [@B138]). In addition to direct interaction with the antigen located in the cytosol, simple fusion with an appropriate signal peptide ([@B23]) can redirect intrabodies expressed in the cytosol to bind the antigens within the cell nucleus ([@B230]) or mitochondrion ([@B24]).

As phage display technology allows rapid and relatively easy generation of antibodies to almost any antigen of interest ([@B227]; [@B53]; [@B76]), intrabodies aimed at many different proteins, including their splice variants and specific post-translational modification sites ([@B115]; [@B45]), have been developed and shown to be rather efficient *in vitro* and sometimes *in vivo* ([@B12]). The most widely utilized targets include cancer-linked antigens ([@B226]; [@B40]; [@B8]; [@B12]), neurodegenerative-disease-related antigens ([@B141]; [@B102]; [@B33]), toxins ([@B223]; [@B11]), viral infection (e.g., HIV or HCV) -- related antigens ([@B149]; [@B27]; [@B15]; [@B12]), and miscellaneous antigens, mostly for protein function studies, within the cell ([@B225]). The therapeutic potential of intrabodies against cancer ([@B12]), Huntington's disease ([@B209]), and Alzheimer's disease ([@B186]) has been already demonstrated in mouse models of these diseases. Moreover, in a phase I clinical trial conducted in 2000 ([@B10]), the feasibility of adenoviral-mediated gene therapy using an anti-erbB-2-directed intrabody in the context of human ovarian cancer was shown: the authors reported anti-erbB-2 scFv-encoding gene expression measured by polymerase chain reaction and real-time polymerase chain reaction in most patients with very limited toxicity. However, contrary to the effects demonstrated by an anti-erbB-2-directed intrabody in animal studies ([@B63]), no dramatic clinical benefit was observed in this trial, leaving much room for the improvement of this strategy.

Thus, the attractive potential therapeutic use of intrabodies still has unresolved issues; the major issues are finding an efficient and safe DNA transfection method *in vivo* and insufficient tissue specificity. The other issues include the delayed onset of the effect, uncertain duration and level of expression, and whether the transformation is transient or permanent (especially when using such vectors as polyplexes, liposomes, adenoviruses). However, extensive research into the development of promising new nucleic acid delivery systems, including tissue-specific variants ([@B70]; [@B145]; [@B111]) for various gene therapy applications have led to a number of clinical trials and a few already clinically approved approaches ([@B164]; [@B246]; [@B32]; [@B251]) favor the introduction of intrabody-based therapy to the clinic.

Fusion With Part of Internalizing Autoantibodies Responsible for Their Intrinsic Ability to Enter Cells
-------------------------------------------------------------------------------------------------------

Although the intrabody approach relies on straightforward intracellular expression within the same antigen-expressing cells, another strategy is based on the use of the intrinsic ability of several naturally occurring autoantibodies (see Section "Internalization of Antibodies Into Cells Via Normal and Pathological Processes") to enter the cells. The most straightforward pathway utilizes the recently discovered potential of a subset of cell and nuclear penetrating lupus erythematosus anti-DNA autoantibodies to serve as therapeutic agents targeted toward DNA repair-deficient malignancies ([@B89]; [@B159], [@B158]). Specifically, the lupus erythematosus anti-DNA autoantibodies 3E10 ([@B89]) and their more potent divalent mutants ([@B158]), including humanized and re-engineered ones ([@B171]), as well as the nucleolytic autoantibody 5C6 ([@B159]) were shown to bind DNA and either inhibit key steps in DNA repair or damage single-stranded DNA in a manner, making them selectively lethal to cancer cells with defective homology-directed repair of DNA double-strand breaks.

A more flexible and universal approach recruits the fragments responsible for cell entry of those cell penetrating autoantibodies for fusion with antigen-recognizing parts of the antibody of choice. A series of articles ([@B242], [@B238]; [@B47]; [@B109]; [@B195]) have reported proof-of-principle of the feasibility of this approach to the demonstration of significant antitumor effects *in vivo*. In particular, humanized VL of lupus erythematosus autoantibody m3D8, with its ability to penetrate the cell and localize in the cytosol, has been engineered into different human IgGs to give so-called cytotransmabs capable of targeting an intracellular antigen of choice within the cytosol ([@B47]). Based on this strategy, the human IgG1 format antibody named iMab RT11-i containing m3D8 humanized VL targeted to the cytosolic activated GTP-bound form of oncogenic Ras mutants has been developed. Decorated with tumor-homing integrin binding RGD10 cyclic peptide, this iMab inhibited the growth of oncogenic Ras-mutated tumor xenografts in mice, but not wild-type Ras-harboring tumors ([@B195]), demonstrating the feasibility and potential of this approach for the cytosolic delivery of antibodies. Nuclear delivery of antibodies has been demonstrated by using a bivalent scFv derivative of cell and nuclear penetrating autoantibody 3E10 fused to an anti-MDM2 antibody, which impaired the growth of melanoma cells and melanoma xenografts sensitive to MDM2 inhibition ([@B238]).

Protein-Transduction Domains or Their Mimics
--------------------------------------------

Contrary to the limited number of studies utilizing the part of internalizing autoantibodies responsible for their intrinsic ability to enter the cells, a somewhat similar approach relying on fusion to protein transduction domains, or CPPs, is a widely utilized technique to shuttle various cargos (proteins, plasmid DNA, RNA, oligonucleotides, liposomes, imaging agents, and anti-cancer drugs) into living cells. Since the discovery of the first and prototypical HIV 1 trans-activating (TAT) protein, capable of cell membrane penetration ([@B85]; [@B75]) in 1988, a wide variety of CPPs and some of their mimics was derived and recruited for the intracellular delivery of various agents for research studies or potential therapeutic applications ([@B119]; [@B26]; [@B28]), with a few reaching clinical trials to date (NCT01975116, NCT00914914). Unsurprisingly, this promising strategy has also been attempted to enhance intracellular antibody delivery, which has led to cell penetrating TransMabs ([@B155]) or transbodies. An early study ([@B14]), revealing enhanced cell retention and internalization of Fab fragments decorated with a TAT protein-derived peptide, was followed more than a decade later by a set of articles demonstrating that antibody-based fusion proteins containing a short membrane transport-facilitating peptide were transported into the cells and bound to intracellular structures ([@B253]) and that anti-caspase-3 antibody based TransMabs were able to inhibit apoptosis ([@B252]) in cells. Subsequently, this approach gained popularity and the number and use of CPP-conjugated whole antibodies, and their derivatives, started to increase ([@B151]; [@B50]; [@B160]; [@B194]; [@B43]; [@B220]; [@B97]; [@B16]); see Table [2](#T2){ref-type="table"} for examples. Recently, a transbody based on mAbs against human HBcAg coupled with the TAT protein transduction domain was demonstrated to be effective *in vivo* ([@B129]).

###### 

Examples of intracellular delivery of CPP-fused antibodies.

  CPP or their mimics used for fusion                                                                                                      Antibody type                             Targeted antigen                                                                                      Reference
  ---------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------- ----------------------------------------------------------------------------------------------------- -----------
  TAT peptide                                                                                                                              Fab                                       melanoma-associated antigen, pan-carcinoma antigen                                                    [@B14]
  Membrane transport sequence                                                                                                              IgG                                       human B-cell lymphoma, mouse B-cell tumor                                                             [@B253]
  Poly-L-arginine (average molecular weight 10,750, ca. 68 residues)                                                                       mAb                                       HIV-1 Gag, fullerene and others                                                                       [@B42]
  TAT peptide                                                                                                                              scFv                                      Bcl-2                                                                                                 [@B50]
  TAT fusion protein A                                                                                                                     IgG                                       --                                                                                                    [@B151]
  TAT peptide                                                                                                                              mAb                                       syntaxin 1                                                                                            [@B160]
  Membrane-translocating sequence (MTS) from Kaposi fibroblast growth factor                                                               scFv                                      Akt                                                                                                   [@B194]
  Polyarginine 68R                                                                                                                         mAb                                       cyclin D1                                                                                             [@B43]
  TAT peptide                                                                                                                              scFv                                      HIV-1 TAT-protein                                                                                     [@B220]
  TAT peptide                                                                                                                              IgG                                       p21 WAF-1/Cip-1                                                                                       [@B97]
  Antennapedia protein transduction domain                                                                                                 scFv                                      c-Myc                                                                                                 [@B16]
  Penetratin (PEN) of the Drosophila homeodomain                                                                                           scFv                                      M1 matrix protein of influenza A virus                                                                [@B168]
  BR2 (17aa peptide)                                                                                                                       scFv                                      K-RAS                                                                                                 [@B131]
  TAT peptide                                                                                                                              Fab                                       HIV-1 protein Rev                                                                                     [@B254]
  3R-Based lipophilic protein A-modified polymer                                                                                           mAb                                       nuclear pore complex                                                                                  [@B99]
  Anthrax toxin protective antigen                                                                                                         affibody, DARPin, monobody, protein GB1   Src homology 2 domain of the oncoprotein Bcr-Abl                                                      [@B130]
  Fc-binding peptide (FcBP)-TAT conjugate                                                                                                  IgG                                       --                                                                                                    [@B104]
  Eight different CPPs                                                                                                                     IgG                                       HIV-1 p24 protein                                                                                     [@B7]
  GET: membrane-docking peptide to heparan sulfate glycosaminoglycans (GAGs) fused with a PTD (peptide P21 and 8R)                         IgG                                       --                                                                                                    [@B67]
  Nona-arginine (R9)                                                                                                                       scFv                                      (NS3/4A) of HCV                                                                                       [@B101]
  Nona-arginine (R9)                                                                                                                       scFv                                      Ebolavirus VP40                                                                                       [@B219]
  Protein transduction domain mimics MePh13-b-dG5 (P13D5)                                                                                  IgG                                       phosphorylated protein kinase C𝜃 (Thr538)                                                             [@B161]
  Mutated several amino acid residues on the surface of the proteins to basic residues, resulting in net positive charges of +14 and +15   nanobodies                                green fluorescent protein (GFP), HER2, and β-lactamase                                                [@B31]
  Cyclic R10 (cR10) peptide                                                                                                                nanobodies                                GFP                                                                                                   [@B94]
  Nona-arginine (R9)                                                                                                                       ScFv                                      (NS5A) of HCV                                                                                         [@B83]
  TAT peptide                                                                                                                              mAb                                       HBcAg                                                                                                 [@B129]
  Co-administration with endosomolytic peptides derived from the cationic and membrane-lytic spider venom peptide M-lycotoxin              IgG                                       --                                                                                                    [@B4]
  TAT peptide                                                                                                                              IgG1 mAb                                  Hepatitis B virus X protein                                                                           [@B250]
  Nona-arginine (R9)                                                                                                                       HuscFvs                                   interferon inhibitory domain of the VP35 protein, a multifunctional virulence factor of Ebola virus   [@B191]
  Cell-penetrating poly(disulfide)s                                                                                                        IgG labeled with Cy5                      --                                                                                                    [@B169]

However, there are two main limitations to be addressed when using this strategy. The first stems from the pool of data that demonstrate entrapment of the internalized CPPs ([@B176]) and CPP-conjugates inside endocytic vesicles ([@B74]; [@B20]; [@B147]), which has raised the question as to whether CPPs and CPP-conjugated macromolecules, including transbodies, are able to be released from the endosomes efficiently, making efficient endosomal escape one of the limitations of this approach ([@B72]). The insertion of an additional endosomolytic moiety was suggested to improve the situation ([@B177]; [@B134]). A recent study reported an efficient endosomal escape of an antibody co-delivered with an endosomolytic peptide derived from the cationic and membrane-lytic spider venom peptide M-lycotoxin ([@B4]). An approach utilizing light-controlled endosomal photosensitizer-driven escape of the construct based on an anti-Ki67 mAb decorated with CPP Pep-1 co-delivered with photosensitizer was revealed as an effective strategy to facilitate the endosomal escape of antibodies ([@B231]).

Another limitation of CPP-based technology, including transbodies, may be the absence of tissue and cellular specificity. Although, in the case of transbodies, cell-specific action can be reached on the antigen level, the problem of unnecessary unspecific delivery to cells remains, but may be solved by using some cell-homing CPPs ([@B218]) or the addition of a cell-targeting ligand to a transbody. For example, a fusion of anti-mutated K-ras scFv and cancer-cell specific CPP BR2 demonstrated significant and cancer-cell-selective effects *in vitro* ([@B131]).

Nanocarriers
------------

Nanocarrier-driven targeted intracellular delivery of different payloads is a widespread strategy that has the following advantages: allows systemic delivery of a relatively large amount of cargo with reduced cargo-related side effects; lowers off-target organ toxicity; enables the possibility of sustained release; and shields the cargo from premature enzyme degradation ([@B208]). Moreover, nanocarriers permit relatively easy decoration with functional (e.g., cell-targeting) moieties, which, in contrast to direct antibody modification, cannot hamper their reactivity. Thermosensitive ([@B73]), enzyme-sensitive ([@B9]), pH-sensitive ([@B29]), light-responsive ([@B108]), and combo-stimuli-responsive ([@B105]) nanocarriers can be easily designed to provide a controlled payload release in response to thermal (body, increased tumor temperature, or localized heating), specific enzymatic (e.g., tumor microenvironment or intracellular enzymes) and specific pH microenvironments (e.g., acidic tumor microenvironment or acidifying endocytic vesicles) as well as to external light exposure or any combination of these.

Various types of nanocarriers (see Table [3](#T3){ref-type="table"} for examples), including inorganic nanoparticles ([@B46]; [@B207]; [@B13]), polymersomes ([@B136]; [@B221]), liposome-based nanocarriers ([@B41]), as well as modified viral ([@B114]) and virus-like particles ([@B1]) have all been recruited for antibody intracellular delivery with reasonable success.

###### 

Examples of intracellular delivery of antibodies by nanocarriers.

  Nanocarrier                                                                                                              Antibody type                                                                             Targeted antigen                                                                                     Reference
  ------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------- ------------------
  IgG-lipopolyamine dioctadecylglycylspermine complexes                                                                    IgG                                                                                       β-actin, α-tubulin                                                                                   [@B58]
  Cationic lipid-based complexes                                                                                           mAb                                                                                       HPV16 E6 oncoprotein                                                                                 [@B55]
  TAT-HA2 decorated gold nanoparticles                                                                                     glycosylated mAbs                                                                         actin                                                                                                [@B121], [@B120]
  Protein A Z-subdomain dimer fused with nucleocapsid protein incorporated into hemagglutinating virus of Japan envelope   IgG                                                                                       α-tubulin nuclear pore complex                                                                       [@B114]
  Gold-coated iron oxide nanoparticles or quantum dots decorated with Streptococcal bacterial protein G fused with TAT     mAb                                                                                       mitochondria                                                                                         [@B133]
  Polymersomes                                                                                                             IgG                                                                                       --                                                                                                   [@B136]
  Polymersomes                                                                                                             IgG                                                                                       NF-κB and γ-tubulin, actin, Golgi protein                                                            [@B34]
  Self-associated MAb nanoparticles                                                                                        mAb bevacizumab                                                                           VEGF                                                                                                 [@B210]
  Self-assembling pyridylthiourea-modified polyethylenimine nanoparticles                                                  mAbs modified with NLS                                                                    HPV-16 viral E6 oncoprotein, threonine-927 phosphorylation site of the EG5 kinesin spindle protein   [@B167]
  Liposomes based on guanidinium-cholesterol cationic lipid BGTC combined to the colipid (DOPE)                            mAb                                                                                       cytokeratin8                                                                                         [@B41]
  Polymersomes targeted to low density lipoprotein receptor-related protein 1 receptor                                     IgG                                                                                       --                                                                                                   [@B221]
  Virus-like particles decorated with IgG binding moiety                                                                   IgG                                                                                       abrin, anti-α-tubulin, HER2                                                                          [@B1]
  Mesoporous silica nanoparticles                                                                                          chromobody: fluorescent nanobodies conjugated with fluorescent proteins or organic dyes   GFP                                                                                                  [@B46]
  Polyion complex micelles                                                                                                 IgG Fc                                                                                    nuclear pore complex                                                                                 [@B107]
  Nanoparticles based on nanobodies with sequence-defined oligoaminoamides decorated with folic acid                       nanobodies                                                                                GFP                                                                                                  [@B179]
  Calcium phosphate biomineralization                                                                                      mAbs                                                                                      Dengue virus surface envelope glycoprotein, Hemagglutinin (HA) protein of Influenza A virus          [@B207]
  Erythrocyte membrane coated self-assembling nanoparticles                                                                mAb                                                                                       hTERT                                                                                                [@B78]
  α-helical peptide Hex nanocarrier decorated with Aurein                                                                  IgG                                                                                       anti-β-tubulin or anti-nuclear pore complex                                                          [@B132]
  Oxidized carbon black particles                                                                                          mAb                                                                                       Dengue virus                                                                                         [@B13]

### Lipid-Based Nanocarriers

Lipid-based nanoparticles are extensively used for the intracellular delivery of therapeutic proteins, including antibodies. Several cationic-lipid based nanocarriers ([@B58]; [@B55]) have been proposed for the intracellular delivery of antibodies. For example, Courtete et al demonstrated that a lipid reagent for siRNA transfection could be successfully adjusted to give efficient anti-HPV16 E6 antibody delivery and resulted in the downregulation of this oncoprotein activity *in vivo* ([@B55]).

### Polymer Based Nanocarriers

Polymer based nanoparticles are another widely used approach for intracellular protein delivery. Several years ago, polymer-based liposomes, called polymersomes ([@B65]) were shown to be effective for the cytosolic delivery of antibodies aimed at various intracellular antigens inside the cells, resulting in the respective epitope binding and subsequent biological effect ([@B34]) in different cell types, as no cell-specific moiety was required in this proof-of-principle study. A few years later, a sophisticated polymersome-based approach for cell-specific antibody delivery across the blood--brain barrier was developed ([@B221]). Polymersomes were decorated with Angiopep-2 peptide targeting low density lipoprotein receptor-related protein 1 receptor to yield dual functionality, as this receptor is associated with both endothelial transcytosis and endocytosis into the cells of the central nervous system. As a result, Angiopep-2-decorated polymersomes delivered IgGs into the central nervous system cell *in vitro*, efficiently crossed the blood--brain barrier, and co-localized with astrocytes, neurons, and glial cells *in vivo* ([@B221]); thus, this approach warrants further development.

### Inorganic Nanocarriers

Inorganic nanoparticles composed of several inorganic materials have been used for the intracellular delivery of antibodies. For example, mesoporous silica nanoparticles functionalized with nitrilotriacetic acid--metal ion complexes for pH-sensitive binding and release of the delivered His6-tagged chromobodies (anti-GFP fluorophore labeled nanobodies) exhibited the ability to deliver these chromobodies inside the cells ([@B46]). A noticeable release of chromobodies to cytosol required the use of endosomal release triggers, of which chloroquine and dimethyl sulfoxide were the most effective ones, which may be unsuitable for practical use. Another group developed mAbs to anti-influenza A and anti-Dengue viral proteins biomineralized with calcium phosphate, yielding sphere-like 130--150 nm nanoparticles, which, in contrast with native unmodified mAbs were able to enter the cells and co-localize with their antigens within the endosomal compartment. Moreover, the biomineralized mAb led to a significant reduction in the mortality of the infected mice compared with the corresponding naked mAb ([@B207]). Both these nanoparticle-based delivery systems possessed difficulties in endosomal escape of the delivered antibody that necessitated the use of endosomal release triggers or were limited to antigens that are known to localize within the endosomes. An easy way to reach the cytosol is to enter the cell by a non-endocytosis-involving pathway, as recently demonstrated for oxidized carbon black nanoparticles, which are supposed to cause temporary disruption of the lipid bilayer and thus provide antibody delivery inside the cells via an electroporation-like mechanism ([@B13]). Another solution to facilitate the delivery of antibody-bearing nanoparticles into the cytosol been proposed by [@B133], who decorated gold-coated iron oxide nanoparticles with IgG-binding streptococcal bacterial protein G fused with TAT peptide for endosomal escape. The resulting functionalized magnetic nanoparticles loaded with anti-mitochondria mAb were able to enter the cell and reach mitochondria within HeLa cells ([@B133]). However, the efficiency of TAT peptide-mediated endosomal escape is supposed to be rather low ([@B175]); thus, in order to improve endosomal release, another group developed an approach that recruited gold nanoparticles decorated with TAT peptide fused with pH-sensitive influenza virus hemagglutinin protein HA2; in this, the former moiety was responsible for cell-entry and the latter for the introduction of efficient endosomal release of the delivered anti-actin antibody ([@B121]).

The main limitation of all these approaches is their non-specific action; however, this may be solved by additional inclusion of nanoparticles with a cell-homing moiety.

### Viral and Virus-Like Nanocarriers

Being extensively used for gene delivery, viral-based vehicles have been recruited successfully for intracellular antibody delivery. Efficient entrapment of the antibody within these viral-based nanoparticles is often provided by the inclusion of *Staphylococcus aureus* protein A or its sub-domains capable of IgG binding ([@B114]; [@B163]; [@B1]). A decade ago, a system based on a protein A Z-subdomain dimer fused with nucleocapsid protein incorporated into the envelope of hemagglutinating virus of Japan revealed the ability to efficiently incorporate IgGs and target them to the respective intracellular antigens (nuclear pore complex and α-tubulin) ([@B114]). Owing to the possible toxic and immunogenic issues connected with viral vectors of animal origin, intracellular antibody-delivering plant virus-like nanoparticles, which are considered to be nonpathogenic in humans, were recently developed ([@B1]). Based on Sesbania mosaic virus coat protein modified with IgG binding protein A B-domain self-assembling virus-like particles, this platform for intracellular delivery of antibodies proved to be effective for intracellular delivery of three different mAbs, which exerted their biological effects owing to respective epitope binding ([@B1]). Generally, owing to the high efficiency of antibody delivery across the membrane, combined with the high loading efficiency compared with most nanovehicles (e.g., inorganic nanoparticles or polymersomes), viral-based particle approaches will encourage new horizons of study in this field, especially if an additional ability to target only the specified cells can be introduced into this type of nanoparticle.

### Other Types of Nanocarriers

A few self-assembled protein nanocarriers ([@B132]), polyion complex micelles ([@B107]), and pharmacokinetic improving erythrocyte membrane-coated mAb nanoparticles ([@B78]) have been developed, with some exhibiting encouraging results. For example, a self-assembled protein nanocarrier based on an α-helical peptide self-assembling into a hexameric coiled-coil bundle fused with an Fc-binding Protein A fragment was recently developed. It was further decorated with an endosomolytic Aurein 1.2 sequence. This nanocarrier enabled a high antibody loading and efficient delivery into the cytosol ([@B132]). The authors proposed possible future modifications of this nanocarrier with cell specific targeting ligands to dramatically increase the attractiveness of this already promising nanovehicle.

Strategies for Intracellular Targeting of Antibodies, Their Mimics, and Derivatives: Summary of the Limitations and Prospects
-----------------------------------------------------------------------------------------------------------------------------

Targeted intracellular delivery of antibodies can be aimed at the antigens localized in various intracellular compartments, predominantly the ER, cytosol, and nucleus. Examples of efficient antibody intracellular delivery approaches aimed at specified intracellular compartments are presented in Table [4](#T4){ref-type="table"}, and the advantages and limitations of different approaches are summarized in Table [5](#T5){ref-type="table"}. The ER is very easily targeted by intrabodies, as natural antibodies already contain a signal for secretion; thus, only the additional ER retention motif (KDEL, usually) should be encoded within the antibody gene to achieve delivery into the cell, where an intrabody is expressed. Cytosolic and nuclear antigens require more effort to achieve intrabody targeting, but are still vastly applicable. The main problem with regard to the use of intrabodies is the requirement of a safe, efficient, and cell-specific gene delivery method for their *in vivo* use. The targeted delivery of the antibodies themselves inside the cell from the outside seems to lack many of the safety parameters associated with gene delivery, but narrows the variety of intracellular compartments that have been reached to date by the delivered antibody; to the best of our knowledge, no approaches for targeting the ER by an externally delivered antibody have yet been published. An efficient cell-specific targeted delivery of antibody for the intracellular antigen of interest from the cell outside requires a stepwise delivery, starting from the specific recognition of the target cells, followed by effective internalization of the construct, with the subsequent endosomal escape to the cytosol and -- if necessary -- further transport to the required cell compartment (e.g., the nucleus or mitochondria). Unfortunately, just a few published delivery strategies integrate all these crucial steps together in one construct. For example, a recent approach for the construction of modular transport systems, including DARPins, for cell specific receptor recognition, bacterial toxin-derived component for endosomal escape, and a different DARPin for intracellular antigen recognition ([@B229]) was published. This system was demonstrated to deliver DARPins into the cytosol efficiently and cell-specifically. When an antigen of interest is localized within another compartment (e.g., the nucleus or mitochondria), additional signal peptides for specific compartment delivery are required. The delivery system that can serve an appropriate candidate to accomplish this step-by-step targeted cell-specific delivery of antibody (or its derivative/mimic) into the designated intracellular compartment (e.g., the nucleus) is the modular nanotransporters platform ([@B204]; [@B205]). Modular nanotransporters are recombinant polypeptide-based delivery vehicles, consisting of a ligand module for cell-specific recognition and subsequent internalization, the translocation domain of Diphtheria toxin as an endosomolytic module for successful endosomal escape, and the optimized SV-40 large T-antigen nuclear localization sequence for nuclear import. The feasibility of this platform has already been demonstrated *in vitro* and *in vivo* for the delivery of locally acting anti-cancer drugs, such as photosensitizers ([@B199],[@B201]), several types of radionuclides \[α-emitters ([@B182]), and Auger electron emitters ([@B198], [@B202]; [@B117])\] into various types of cancer cells. The cancer cell specificity was easily modulated by the choice of appropriate ligand module \[e.g., epidermal growth factor ([@B81]), α-melanocyte stimulating hormone ([@B180]), and folic acid ([@B181]; [@B200])\] for the characteristic internalizable receptor overexpressed on the target cells. Recently, the principal feasibility of the construction of modular nanotransporters bearing anti-cMyc scFv (as an example) was demonstrated ([@B224]), which may be a promising new step toward the efficient targeted delivery of antibodies inside the target cells.

###### 

Examples of efficient intracellular delivery of antibodies aimed at various intracellular compartments.

  Intracellular compartment(s) to which antibodies or mimics were successfully delivered   Level of action (*in vitro* or *in vivo*)                                            Type of delivery (carrier if applicable)                                                                                                                                                                    Antibody type                                                   Targeted antigen                                                                                                                                                           Reference
  ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------
  Cytosol                                                                                  *in vitro*                                                                           TAT-HA2 decorated gold nanoparticles                                                                                                                                                                        glycosylated mAbs                                               actin                                                                                                                                                                      [@B121], [@B120]
  Cytosol                                                                                  *in vitro* and *in vivo*                                                             humanized VL of lupus erythematosus autoantibody m3D8 engineered into human IgG decorated with tumor homing RGD10 cyclic peptide                                                                            IgG                                                             cytosolic activated GTP-bound form of oncogenic Ras mutants                                                                                                                [@B195]
  Cytosol                                                                                  *in vitro*                                                                           modular transport systems including DARPin for cell specific receptor recognition and bacterial toxin-derived component for endosomal escape and a different DARPin for intracellular antigen recognition   designed ankyrin repeat protein (DARPin)                        mainly none (model cargo DARPins)                                                                                                                                          [@B229]
  Endoplasmic reticulum (ER)                                                               *in vitro*                                                                           intrabody technology: diethylaminoethyl-dextran based transfection                                                                                                                                          scFv fused with ER retention KDEL signal                        human herpesvirus 8 interleukin-6                                                                                                                                          [@B118]
  Mitochondria, nucleus, or cytosol                                                        *in vitro* in cell lines (all localizations) and in Xenopus oocytes (mitochondria)   intrabody technology: transient DNA transfection of cells, mRNA microinjection to Xenopus oocytes                                                                                                           scFv fused with nuclear or mitochondrial localization signals   p21ras, nerve growth factor                                                                                                                                                [@B24]
  Nucleus                                                                                  *in vitro*                                                                           self-assembling pyridylthiourea-modified polyethylenimine nanoparticles                                                                                                                                     mAbs modified with NLS                                          HPV-16 viral E6 oncoprotein                                                                                                                                                [@B167]
  Nucleus                                                                                  *in vitro* and *in vivo*                                                             scFv of cell and nuclear penetrating autoantibody 3E10 fused to anti-MDM2 antibody                                                                                                                          mAb                                                             MDM2                                                                                                                                                                       [@B238]
  Nucleus                                                                                  *in vitro*                                                                           electroporation                                                                                                                                                                                             mAbs                                                            proliferating cell nuclear antigen (PCNA) DNA polymerase α, HPV16 E6 oncogene                                                                                              [@B77]
  Nucleus                                                                                  *in vitro*                                                                           electroporation                                                                                                                                                                                             mAbs and Fabs labeled with Alexa Fluor 488                      γH2AX, α-tubulin, heptapeptide repeats of nonphosphorylated C-terminal domain of the largest subunit of RNA Pol II, TATA binding protein (TBP), TBP-associated factor 10   [@B54]
  Nucleus                                                                                  *in vitro*                                                                           microinjection into either the nuclei or the cytoplasm                                                                                                                                                      NLS-conjugated polyclonal antibody (IgG)                        lamin A/C histone-binding site                                                                                                                                             [@B66]

###### 

Advantages and limitations of different approaches used for the intracellular delivery of antibodies.

  Delivery approach                                                                                         Advantages                                                                                                                                                                                                                                                                                                                         Current limitations
  --------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Direct physical delivery                                                                                  delivers antibodies directly inside the cytosol; the ability to target other compartments upon attachment of the specific localization signal                                                                                                                                                                                      usually lacks cell-specificity; rather difficult *in vivo* and clinical translation owing to *in vivo* safety and efficiency issues
  Direct intracellular expression (intrabody approach)                                                      direct expression within the cell; relatively easy direction of intrabody to the desired cell compartment where the specific antigen should be bound                                                                                                                                                                               rather difficult *in vivo* and clinical translation owing to DNA transfection *in vivo* safety and efficiency issues; insufficient tissue specificity; delayed onset of the effect; uncertainties with duration and level of expression; uncertainty whether the transformation is transient or permanent
  Fusion with part of internalizing autoantibodies responsible for their intrinsic ability to enter cells   relies on intrinsic abilities of autoantibodies to enter the cell; can be easily re-engineered to obtain more potent derivatives; can be additionally decorated with tissue targeting moieties                                                                                                                                     mechanism of cell entry and endosomal escape not clearly understood; endosomal escape efficiency issues lack of tissue and cellular specificity; additional decoration can hamper antibody reactivity
  Fusion with protein-transduction domains or their mimics                                                  can be additionally decorated with tissue targeting and endosomal escape moieties                                                                                                                                                                                                                                                  questionable efficiency of endosomal escape; generally lacks tissue and cellular specificity; additional decoration can hamper antibody reactivity possible toxicity issues
  Nanocarriers                                                                                              generally high loading efficiency; tunable properties of the carrier, allow rather easy decoration with functional (e.g., cell-targeting) moieties, which in contrast to direct antibody modification cannot hamper its reactivity possible sustained release functionality; possible adjustments of the pharmacokinetic profile   for the majority of nanocarrier types, the problem of efficient endosomal escape still needs to be solved; production can be highly tedious and expensive; immunogenicity issues due to relatively large size of nanoparticles

Directed Subcellular Relocation of Target Molecules
---------------------------------------------------

Another theme that emerges from the intracellular antibody delivery concept is the ability to relocate protein-of-interest within the cells or deplete it through a cellular protein elimination system. Protein relocation is an approach to interfere with target protein function through trapping it with binder molecule and thereby preventing the target protein transport to a defined cellular compartment. The feasibility of such strategy was demonstrated with intracellular antibodies, which inhibited heterochromatin protein 1β traffic to the nucleus ([@B35]), resulting in altered nuclear morphology and apoptosis. Another group reported intracellular antibody binding to Sec61 and prevention of its transport from the ER toward endosomes ([@B249]). To interfere with the target protein function, the intracellular antibody must be: (1) delivered into cells at a stoichiometric concentration; (2) bound to the target in a way that blocks its function, and (3) ensured for high affinity binding, otherwise the equilibrium will shift toward target escape from antibody complex before reaching desirable effect. These are strict conditions that limit the possible applications of intracellular antibodies against relatively low-abundant targets and/or molecules with a very high affinity toward the target.

Notwithstanding the elimination of the target, once bound to the antibody, it could circumvent this equilibrium conundrum. For specific degradation of proteins, cells contain proteasome systems, which are highly efficient and elaborate machinery for the regulation of protein turnover and protection from misfolded and damaged proteins ([@B21]). A ubiquitin-dependent system is the major pathway for specific protein degradation, for which protein ubiquitination is a prerequisite step ([@B95]). Ubiquitination is a multistep enzymatic process, that involves three types of enzyme: E1 ubiquitin activating enzyme; E2 ubiquitin conjugating enzyme; and E3 ubiquitin protein ligase ([@B113]). The substrate specificity is conferred by hundreds of E3 ubiquitin ligases ([@B192]), belonging to HECT, RING, and U-box families, according to their mode of action. RING and U-box E3 ubiquitin ligases function as scaffolds for E2 ubiquitin conjugating enzymes, whereas HECT proteins form a thiol-ester bond with ubiquitin before transferring it to the substrates ([@B165]). Harnessing an endogenous protein control system is a viable approach to downregulate the target proteins ([@B189]). For this purpose, the binder moiety should be fused with a module targeting the protein to the proteasomes. Several examples of such reprogrammed E3 ubiquitin ligases have been described, based on multi-subunit RING E3 enzymes, targeting β-catenin ([@B215]; [@B137]) or mono-molecule U-box protein CHIP E3 ligase, degrading KRAS ([@B142]; [@B162]), c-Myc ([@B92]), epidermal growth factor receptor mutants ([@B48]). Fusion with CHIP has several advantages over RING E3 ligases, such as broad substrate diversity and a lack of dependence on other subunits ([@B166]). By virtue of the catalytic nature of the ubiquitin system, enabling multiple rounds of activity, depletion of abundant targets, even exceeding the amount of delivered antibody may be possible.

Conclusion
==========

Three decades of progress in strategies for efficient targeted intracellular delivery of antibodies has led to the development of various approaches, from direct physical methods and gene delivery to sophisticated synthetic delivery vehicles. Although widely utilized for intracellular protein function studies, the therapeutic applications of this promising precise approach remains in the *in vitro* stages and rarely progresses to *in vivo* studies; thus, there is much room for improvement. We hope that both the elucidation of normal behavior of antibodies within cells, including their relocation and degradation pathways, as well as the development of specific, effective, and clinically applicable systems of targeted intracellular protein delivery will allow this approach to be used as a clinical therapy in future.
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CPP

:   cell penetrating peptide

DARPin

:   designed ankyrin repeat protein

ER

:   endoplasmic reticulum

Fab

:   antigen-binding fragment

GFP

:   green fluorescent protein

HCV

:   human hepatitis C virus

HIV

:   human immunodeficiency virus

HPV

:   human papilloma virus

IgG

:   immunoglobulin G

mAb

:   monoclonal antibody

NLS

:   nuclear localization signal

PCNA

:   proliferating cell nuclear antigen

PPI

:   protein--protein interactions

ScFv

:   single-chain variable fragments

TAT protein

:   HIV 1 trans-activating protein

VL

:   variable domain light chain.
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